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Abstract The high-energy sources known as anoma- 
lous X-ray pulsars (AXPs) and soft 7-ray repeaters 
(SGRs) are well explained as magnetars: isolated neu- 
tron stars powered by their own magnetic energy. After 
explaining why it is generally believed that the tradi- 
tional energy sources at work in other neutron stars (ac- 
cretion, rotation, residual heat) cannot power the emis- 
sion of AXPs/SGRs, I review the observational prop- 
erties of the twenty AXPs/SGRs currently known and 
describe the main features of the magnetar model. In 
the last part of this review I discuss the recent discovery 
of magnetars with low external dipole field and some of 
the relations between AXPs/SGRs and other classes of 
isolated neutron stars. 

Keywords Neutron stars • Magnetars 



1 Introduction 

The relevance of magnetic energy in powering the emis- 
sion from neutro n sta rs (NSs), suggested more than 
four decades ago [150j, has been well established with 
the discoveries of anomalous X-ray pulsars (AXPs) and 
soft gamma-ray repeaters (SGRs). These are spinning- 
down, isolated NSs characterized by the emission of 
powerful bursts and flares and with luminosities in the 
soft and hard X-rays greater than their rotational en- 
ergy loss. 

Historically, AXPs and SGRs were divided into two 
distinct classes reflecting the way they were discovered, 
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but many observations indicate that there are no sub- 
stantial differences between them. Most AXPs were dis- 
covered as bright pulsars in the soft X-ray range (<10 
keV) and initially not distinguished from the more nu- 
merous population of X-ray binaries powered by ac- 
cretion. It was then pointed out that their narrow pe- 
riod distribution, long term spin-down, soft X-ray spec- 
trum and faint optical counterparts were at variance 
with the properties of pulsars in massive binaries ^14Q] . 
SGRs were instead discovered in the hard X-ray /soft 7- 
ray range through the observation of bright and short 
burs ts and classified as a subclass of gamma-ray bursts 
lid |9| , with the notable property of "repeating" from 



the same sky direction. When the persistent X-ray coun- 
terparts of SGRs were identified, it was found that they 
are pulsating sources very similar to the AXPs. 

Even though alternative interpretations have been 
proposed, the model involving magnetars, i.e. highly 
magnetized NSs, is the one that most successfully ex- 
plains the properties of AXPs and SGRs and is cur- 
rently widely accepted. According to the magnetar 
model, the emission from these sources is ultimately 
powered by the energy stored in their strong magnetic 
fields, which reach B^ lO^'^-lO^^ G in the magneto- 
sphere, and likely even higher values in the NS inte- 
rior. This sets them apart from most other NSs which 
are powered by rotational energy, accretion, or residual 
heat. 

In the last few years it has been realized that the 
observational distinction between magnetars and other 
NSs is not as sharp-cut as previously considered and not 
solely based on the magnetic field intensity. This was al- 
ready suggested by the existence of some radio pulsars 
with inferred values of B overlapping those of AXPs/ 
SGRs, but which never showed bursts, flares or other 
signs of magnetically-powered emission. The recent dis- 
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covery of NSs that, despite their relatively low exter- 
nal dipole fields, can certainly be classified as AXPs/ 
SGRs based on their outburst properties, indicates that 
the important discriminant is most likely related to the 
strength and geometry of the magnetic field in the NS 
interior, which unfortunately is less prone to direct es- 
timates. 

In the first part of this paper I briefiy describe why 
it is believed that the energy sources which are seen 
to operate in other NSs cannot power the emission of 
AXPs/SGRo The two following sections are devoted 
to the observational properties of these sources (Section 
3) and the main features of the magnetar model (Sec- 
tion 4). The discovery and implications of magnetars 
with low dipole field and possible relations of AXPs/ 
SGRs with other classes of isolated NSs are discussed in 
the last t wo sections. F or other reviews on these sources 
see [20fil . [l(i[ [l8 i [T89t. 



2 Why a different energy source ? 

2.1 Rotation 

The rotational energy of a NS with spin period P=27r/i7 
is Erot = W^/ 2^2x10^^ h^p-'^ erg, where I = 14510^5 
g cm^ is the star moment of inertiejj. Soon after the dis- 
covery of pulsars it was found that their spin periods 
are increasing, implying a loss rate of rotational energy, 
Erot, sufficiently high to power not only the pulsed ra- 
dio emission, but also the bright radio/optical/X-ray 
nebulae observed around the most energetic pulsars. 
The first striking example was provided by the pulsar 
PSR B0531-H21, whose Erot='i.6xlQ^^ erg s'^ matches 
the total energy output of the surrounding Crab neb- 
ulalfl. Most of the spin-down power is lost in a Poynting- 
dominated wind rather than in beamed photons from 
the pulsar. Despite the majority of rotation-powered 
pulsars is observed at radio wavelengths (over 2,000), 
their energy output in this band is only a very small 
fraction of Erot- The efficiency is higher in the X-ray 
band, where non-thermal emission is observed in about 
one hundred pulsars, with an average efficiency ^10"'^, 



but with a large dispersion around this value 158l . lll9 | 



^ Some authors distinguish between these two designations, 
calling SGRs only the sources which showed episodes of many 
repeated and intense bursts. In this review I will not make 
such a distinction and I refer to the whole group of objects 
as AXPs/SGRs. 

^ The moment of inertia of a NS with mass M and radius 
R is in the range ~ (0.5 - 1) x 10"*^ (M/ Mq) {R/10 km)^ g 
cm-^ for most equations of state. 

^ Only one pulsars more energetic than the Crab is cur- 
rently known: the 16 ms pulsar in the Large Magellanic Cloud 
PSR J0537-6960, which has Erot=5xlQ^^ erg s"!. 



At 7-ray energies the efficiency approaches 100% for 
middle aged-pulsars (at these high values it is impor- 
tant to specify the solid angle of the radiation beam 
used in computing the efficiency). 

AXPs/SGRs have period derivatives P larger than 
those of radio PSRs, but their long periods lead to 
values of Erot "^ 10^^ — 10'^'* erg s~^, too smaU to 
power their luminositjQ. This is a robust conclusion, 
even when luminosity uncertainties deriving from the 
poorly known distances of some AXPs/SGRs are con- 
sidered, and it rules out the possibility of interpreting 
these sources as rotationally powered NSs. 

Of course, the energy budget argument to rule out 
rotation-powered emission does not apply if one as- 
sumes that AXPs/SGRs are isolated white dwarfs. Due 
to its higher moment of inertia, a rotating white dwarf 
has a spin-down power 10^-10^ times larger than that 
of a NS for the same P and P values. This idea was 
first proposed for IE 2259-1-586, a 7 s X-ray puls ar a t 
the center of the supernova remnant CTB 109 144| . 



which attracted attention well before t he rec ognition of 
the AXPs as a separate class of objects |140l | . Other au- 
thors p roposed m odels for AXPs/SGRs based on white 



dwarfs |19ll . Il26l | , but these are challenged by the short 
spin periods observed in some objects and by the deep 
upper limits on the optical counterpart of 
SGR 0418+5729 [37]. 



2.2 Accretion 

Mass accretion is a well established process in X-ray 
binaries. The first extra-solar X-ray source, Sco X-1, 
discovered in the rocket experiment that marked the 
beginning of X-ray astronomy 50 years ago [62;] , is an ac- 
creting Nq^l- We now know several hundreds accretion- 
powered NSs in our Galaxy, as well as in other galaxies. 
All of them are accreting matter provided by their com- 
panion stars in binary systems. 

Some of the X-ray sources now belonging to the 
AXP group were once believed to be powered by ac- 
cretion from a binary companion, the most natural ex- 
planation at that time, based on analogy with the other 
X-ray pulsars. However, deep observations in the optical 
and near infrared (NIR) failed to detect the luminous 
counterparts expected if these pulsars were in high- 
mass binaries. Furthermore, X-ray timing studies did 

* Some AXPs/SGRs reach quiescent luminosity levels be- 
low their Erot, but during outburst they are as luminous as 
the persistent ones. 

^ Sco X-1 was the second observed NS, the first one being 
the NS in the Crab nebula, shining as a 16 magnitude object 
in the visible band. Both were clearly understood as NSs only 
after the discovery of radio pulsars in 1968. 
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not show the orbital Doppler shifts expe cted for b inary 
motion, ruhng out also low-mass systems !139!i'l99!]. Op- 
tical/NIR counterparts have now been firmly identified 
(on the basis of correlated variability) , or proposed (on 
the basis of accurate positional coincidence) for several 
AXPs/SGRs. In most cases they are sufficiently faint 
to rule out normal companion stars and the presence 
of accretion disks. In three sources (see Table 1) the 
optical emission is modulated at the period observed at 
X-rays, implying that it comes from the same rotating 
object and not from a binary companion. 

All these findings strongly indicate that AXPs/SGRs 
are isolated NSs. They could be powered by accretion 
only if matter is provided either by the interstellar 
medium (ISM) or by a disk of fall-back material pro- 
duced in the supernova explosion from which the NS 
originated. The former possibility is ruled out because, 
for typical NS velocities and ISM densities, the result- 
ing accretion rate is too small. Models invoking residual 
disks around isolated NSs are instead more plausible 
and represent the most widely disc usse d alternative to 
the magnetar interpretation [22|, |40|, Il87 j . In this class of 
models various mechanisms for the disk formation and 
different origins for the observed X-ray luminosity have 
been considered. The interaction with the fossil disk is 
also invoked to account for the observed long periods 
and rapid spin-down values. According to [3|, who pro- 
posed a scenario which unifies the different classes of 
isolated NSs, the initial properties of a fall-back disk 
are among the fundamental parameters that determine 
the fate of a NS. 

The main objection to models based on accretion 
onto isolated NSs is that they cannot easily account for 
the bursts and fiares observed in AXPs/SGRs, thus re- 
quiring some additional mechanism and/or energy source 
to explain these phenomena. One possibility, often con- 
sidered in so-called "hybrid models" , is that the strong 
magnetic field powering the bursts is not dipolar, but 
it is only present in higher order multipoles dominat- 
ing near the NS surface. They differ from the magne- 
tar model because accretion is invoked to explain the 
AXPs/SGRs persistent X-ray emission. 

2.3 Residual heat 

At birth, NSs have internal temperatures of ^10^^ K 
at birth, that rapidly drop to ^10° K. The dominant 
cooling mechanism for the following '^10^ — 10^ years 
is neutrino emission from the star's isothermal core. 
This leads to surface temperatures of several 10^ to 10^ 
K, w ith e mission peaking in the soft X-ray band (see, 
e.g., [208|). Temperature gradients on the star's sur- 
face modulate the observed flux at the rotation period. 



Thermal X-ray emission can be detected in isolated NS 
with ages of ~ 10'' — 10^ years, provided they are suf- 
ficiently close and the X-rays not too absorbed by the 
ISM. Older NSs are too cool to significantly emit in the 
X-rays band, while in the youngest pulsars the thermal 
radiation is difficult to detect because it is outshined 
by the brighter non-thermal emission powered by Erot- 
There are two relevant observational properties of 
AXPs/SGRs that cannot be explained resorting only 
to the NS thermal energy content: (i) the production 
of a variety of strongly variable and energetic events, 
ranging from short bursts to giant flares flares, and (ii) 
the presence of hard tails in the spectra of the per- 
sistent emission. Short bursts of hard X-rays, histor- 
ically the defining characteristics of SGRs, have now 
been observed in virtually all the AXPs. Their dura- 
tions (^ 0.01 — 1 s), hard spectra (characteristic temper- 
atures ^30-40 keV) with little or no spectral evolution, 
and high peak luminosity (up to '^ 10"*^ erg s"'^) cannot 
be explained by the emission of the NS residual heat. 
Persistent emission with power-law spectra extending 
up to hundreds of keV has been disco v ered with IN- 
TEGRAL in several AXPs/SGRs [nl [ml [t^. The 
luminosity in these (pulsed) hard tails is a significant 
fraction of the total energy output from AXPs/SGRs 
and requires the presence of non-thermal phenomena in 
their magnetospheres. 



2.4 Magnetic energy 

As discussed above, the main powering mechanismqj 
at work in other kinds of NSs have problems to explain 
the properties of AXPs/SGRs. This motivated interest 
in the alternative proposal of a magnetically-powered 
emission and led to the de velopment of models based 
on magnetars ^ [ni Es^ ■ 

The magnetic energy of a NS with field Bis^lO^^ 
G filling its entire volume is SxW^^ Bf^ erg (for a NS 
radius of 12 km). This is enough to power a luminos- 
ity of ^^10"^^ erg s^^ for '^10^ years, a plausible age 
for AXPs/SGRs, considering their frequent association 
with supernova remnants (SNRs) or young clusters of 
massive starqj. Slightly higher fields and/or long-lasting 
episodes with low luminosity (as in transients) make the 



^ Another energy source is provided by nuclear reactions. 
This powers the type I bursts observed in many accreting 
low mass X-binaries. The properties of SGR bursts are very 
different from those of type I bursts. 

'^ The giant flares (section 3.1) in which up to ~ 10*® ergs 
can be released, are energetically more challenging. This lim- 
its the number of such events that a magnetar can emit in its 
lifetime. 
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energy budget adequate for all the magnetar candidates 
observed to date. 

There are several pieces of evidence that indicate 
the presence of a high magnetic field in AXPs/SGRs. 
The conventional way to estimate the magnetic field of 
isolated NSs is based on the relation 



Bd = 3.2 X 10^^^ 



G 



(1) 



which gives the dipolar field as a function of the spin 
period and its time derivativqfl. This relation is based 
on the simplified and unrealistic assumption that the 
observed spin-down is caused by the emission of a ro- 
tating dipole in vacuum (with orthogonal magnetic and 
rotation axes). More realistic models of the NS magne- 
tosphere give values with in a. factor of two from the 
previous expression {e.g., 169']). 

Equation (1) yields for the AXPs/SGRs magnetic 
fields higher than those of typical radio pulsars and up 
to Bd--10i5 G (see Table 12). Ahhough often quoted 
as the evidence that these objects are magnetars, this 
argument by itself is rather weak and subject to criti- 
cism. For example, other processes, such as the ejection 
of a wind of relativistic particles, can contribute to the 
observed torque 79] . 

Indeed, the evidence for strong magnetic fields pow- 
ering the AXPs/SGRs, supported by Eq. (1), comes 
from several concurring observations, of which the most 
compelling are related to the extreme properties of the 
giant flares of SGRs. Giant flares start with a short, ex- 
tremely bright spike, lasting a fraction of a second, dur- 
ing which photons reaching MeV energies are emitted 
with a hard spectrum. This is followed by a tail with 
a softer spectrum, lasting several minutes and pulsed 
at the NS rotation period. The short duration of the 
initial spikes is consistent with the propagation time of 
the magnetic insta bility over the whole NS surface with 
Alfven speed |176| . The confinement of the hot plasma 
responsible for the pulsating tails requires the presence 
of a strong magnetic field, and sets a lower limit of 
the order of a few 10^^ G on its intensity. Although 
only three giant flares have been observed, the sources 
which showed such rare events are, for what concerns all 
the other properties, undistinguishable from the other 
SGRs/AXPs. 

Other motivations for a high magnetic field come 
from the short bursts, which have now been detected 
from almost all AXPs/SGRs. The peak luminosity of 
the bursts exceed by a few orders of magnitude the 
Eddington limit for a NS. This is possible because the 
intense magnetic field affects electron scattering, which 

® Bd is the value on the star surface at the magnetic equa- 
tor. The surface field at the pole is a factor of two larger. 



becomes strongly anisotropic and dependent on the pho- 
ton polarization mode. The cross section of the extraor- 
dinary mode (E ■ B=0) photons with angular frequency 
CO is reduced by a factor {eB /ujmec)^ with respect to the 
Thomson value. As a consequence the radiative flux can 
exceed the classical Eddington limit in the presence of 
a strong magnetic fleld. 

Another evidence for very hi gh m agnetic fields in 
SGRs has been pointed out by [l95j, who considered 
the high-frequency quasi periodic oscillations (QPOs) 
observed during the giant flare of SGR 1806-20. The 
QPOs at 625 and 1840 Hz involved extremely large and 
rapid luminosity variations, with AL/At as large as 
several 10^'^ erg s~^. This value exceeds the luminosity- 
variability limit AL/At < -q 2x10"^^ erg s~^, where 77 



is the efficiency of matter to radiation conversion [21 



The relativistic effects, generally invoked to circumvent 
this limit (e.g. in blazars and gamma-ray bursts) are 
unlikely to be at work in the SGR QPO phenomenon. 
|195l | instead propose that the Cavallo-Rees limit does 
not apply thanks to the reduction in the photon scatter- 
ing cross section induced by the strong magnetic field. 
In this way a lower limit of -- 2 x 10^^ G (10 km/iiJjvs)^ 
(O.l/ry)^/^ for the surface magnetic field is derived. 

3 Observational properties 

Twenty confirmed AXPs/SGRs are currently known 
(Table 1). With the exception of SGR 0526-66 and 
CXO JOlOO-7211, which are in the MageUanic Clouds, 
all of them are Galactic sources distributed at low lati- 
tudes in the Galactic plane. Although precise distances 
are generally not available, their spatial distribution 
points to typical distances of several kiloparsecs. This 
is confirmed by the associations with SNRs which have 
been proposed for several AXPs/SGRs. The most reli- 
able ones, i.e. those of the AXPs/SGRs located at (or 
close to) the center of the remnant, are indicated in 
Table [T] Three sources are likely located in clusters of 
massive stars (marked as MSC in Table [ij, suggesting 
that magnetars are formed in the collapse of very mas- 
sive stars. The associations with SNRs and young star 
clusters, as well as their distribution in the Galactic 
plane, indicate that AXPs/SGRs are relatively young 
NSs. 

AXPs/SGRs have spin periods in the range 2-12 
s and positive period derivatives between 10~^^ and 
10~^° s s~^ (Tabled, with few notable exceptions dis- 
cussed below. Their spin-down is not uniform: it is af- 
fected by timing noise and large variations of P on 
short timescales have been observed in a few cases. 
Many AXPs/SGRs, for which accurate timing mea- 
surements spanning months or years could be obtained. 
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Table 1 Multi-wavelength detections of confirmed AXPs and SGRs (P=pulsed, D=( 
in several cases uncertain; the Table reports the values assumed in this paper. MSC 


letected, T 
= massive 


=transient). The distances are 
stars cluster. 




X-rays 
>10 keV 


X-rays 
<10 keV 


Opt. NIR MIR Radio 


D 

(kpc) 


(cm-2) 


Location/association 
References 


IE 1048.1-5937 


D? 


P 


P D - 


9 


6 10^^ 


[118, M0,^,^,JM] 


IE 1547.0-5408 


P 


P,T 


D - P 


5 


5 10^^ 


G327.24-0.13 


IE 1841-045 


P 


P 


D? 


8.5 


2.3 10^^ 


Kes 73 

[194. 113. 1751 


IE 2259+586 


- 


P 


D D 


3.2 


10^^ 


CTB 109 


IRXS J1708-4009 


P 


P 


D? 


3.8 


1.4 10^2 


[175, 172, 30, 165 


4U 0142+61 


P 


P 


P D D 


3.6 


5 10^1 


[140, 31 , 86, J^, W7, 1641 


CXOJOlOO-7211 


- 


P 


_ _ _ 


61 


6 10^" 


SMC 
[115, 182] 


CXOJ1647-4552 


- 


P,T 


- - - 


3.9 


1.3 1022 


MSC 
[145, 94] 


CXOJ1714-3810 


- 


P 


- - - 


13.2 


2.5 1022 


CTB 37B 

[77, 181] 


PSRJ1622-4950 


- 


D,T 


P 


9 


5 10^^ 


G333.9+0.0 

[117,5] 


SGR 0418+5729 


- 


P,T 


- 


2 


1.1 1021 


[192,4^ 


SGR 0501+4516 


P 


P,T 


P P - T 


1.5 


9 1021 


[64, 163, 6, 32, 391 


SGR 0526-66 


- 


P 


_ _ _ 


55 


5 10^^ 


LMC, N49 
[183] 


SGR 1627-41 


- 


P,T 


- - - 


11 


9 1022 


[205, 48, 42] 


SGR 1806-20 


D 


P 


D - T 


10 


6 1022 


MSC 


SGR 1833-0832 


- 


P,T 


_ _ _ 


10 


10^^ 


[71,44] 


SGR 1900+14 


D 


P 


D? - T 


15 


2 102^ 


MSC 
70, 88 , 1751 


Swift J1822- 1606 


- 


P,T 


- - - 


5 


2 1021 


122, 161, 1671 


Swift J1834-0846 


- 


P,T 


_ _ _ 


5 


1.3 1021 


W41 
[102, 49] 


XTEJ1810-197 


- 


P,T 


D - P 


3.1 


6 1021 


[89, 98, J^, 63 



showed spin-up glitches with values of AP in the same 
range of those of rotation-powered pulsars, despite their 
longer periods. The glitches are sometimes associated 
to changes in the emitted radiation (e.g. bursts, varia- 
tions in the flux or pulse profile), but there is no sim- 
ple one-to-one correlation between timing and radiative 
events. Glitches apparently not associated with bursts 
and/or flu x var i ation s, and vice versa, have been ob- 



served [3J, |209|, |157|. A spin-down glitch (i.e. Z\P>0, 



contrary to the usual situation) might have occurred 
during the August 1998 giant flare of SGR 1900+14 



Half of the AXPs/SGRs are persistent X-ray sources, 
i.e. they have always been detected at a nearly con- 
stant X-ray luminosity of ^^10^^ — 10'^^ erg s~^. The 
other ones, most of which were discovered in the latest 
years during bright outbursts generally associated to 
the emission of short bursts, can be classified as tran- 
sient sources. When bright, their X-ray spectra, lumi- 
nosity and pulse profile have the same properties seen in 
the persistent AXPs/SGRs. The decays from the out- 
burst can have different duration and shape an d ar e 
generally characterized by a spectral softening [159 1. 



204| . although it is also possible that the observed pe- In quiescence, luminosities as low as '^ 10'^^ erg s 



riod change was due to a strong increase in the spin- 
down before, or immediately after, the flare rather than 
to a glitch. 



have been observed. The outburst duty cycle of tran- 
sient AXPs/SGRs is still poorly known: multiple out- 
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bursts have been observed only in SGR1627— 41 and 
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IE 1547.0-5408 

The X-ray spectra of AXPs/SGRs are rather soft 
below 10 keV and, with only few exceptions, strongly 
affected by the interstellar absorption at low energy. 
They are generally fit with two-component models con- 
sisting of a blackbody of temperature kTsB ^0.5 keV 
plus a power-law (photon index 7^ '^2-4) or another 
blackbody. Many AXPs/SGRs have been detected also 
in the hard X-ray range, with power-law tails extending 
up to ^100-200 keV. These hard tails are pulsed, often 
time-variable, and contribute a significant fraction of 
the total luminosity. The upper limits in the MeV re- 
gion require the presence of a spectral cut-off. No detec- 
tions at higher energies have been reported with 7-ray 
satellites (Fermi, AGILE) or ground based Cherenkov 
telescopes. 

Although searches for optical counterparts are dif- 
ficult due to the high absorption and crowded fields, 
faint optical and/or NIR counterparts have been identi- 
fied for several AXPs/SGRs. They have K band magni- 
tudes of ~20-22, which sometimes vary showing either 
a flux correlation or anti-correlation with the X-rays. 
Pulsations at the NS spin period have been observed 
in the optical emission of three sources. In general the 
optical/NIR fluxes lie above the extrapolation of the 
blackbody-like X-ray spectra. It should be kept in mind 
that such fluxes are dependent on the assumed redden- 
ing and, therefore, subject to significant uncertainties. 
A notable exception is provided by SGR 0418+5729 
which is located in the Galactic anticenter direction at 
a relatively high latitude compared to the other AXPs/ 
SGRs (b=+5°). Deep observations with the Hubble 
Space Telescope provided limits of ^28.6 and 27.4 on 
the magnitudes of its possible counterparts in the V and 
J band, respectively [37[ . These rule out models involv- 
ing isolated white dwarfs with realistic temperatures. 

Detections in the mid infrared (MIR) band have 
been obtained for 4U 0142-^61 at 4.5 and 8 ^m [l97| 
and for IE 2259-^586 at 4.5 fim [loH with the Spitzer 
Space Telescope. They have been interpreted as evi- 
dence for a residual disk of debris from the supernova, 
irradiated and heated by the magnetar's X-ray flux, but 
not contributing to the X-ray emission by accretior|j. 

Two different phenomena have been observed in 
AXPs/SGRs at radio wavelengths: variable emission re- 
lated to the ejection of relativistic matter during giant 
flares (see Section 3.1) and pulsed emission in 
XTEJ1810-197, IE 1547.0-5408 and PSRJ1622-4950. 
The fact that these three sources are transients led to 
the speculation that the mechanisms responsible for 

® See [41|| for a different interpretation in terms of an 
accretion-based model. 



the pulsed radio emission in AXPs/SGRs might be re- 
lated to their transient nature. However, no radio de- 
tections of all the other transient AXPs/SGRs have 
been obtained yet. The pulsed radio emission of AXPs/ 
SGRs is quite different from that of radio pulsars: they 
show strong variability on daily timescales, their spec- 
tra are very flat with a >-0.5 (where 5*,^ ex i^"\ and 
their average pulse proflles change with time |20l , llTI , 
ll9|. Such differences suggest that the radio emitting 
regions are more complex than the dipolar open fleld 
lines along which the radio emission in normal pulsars 
is thought to originate. The extremely precise positional 
measurements affordable through radio interferometry 
has made it possible to derive proper motions: 13.5 
mas yr-i for XTEJ1810-197 (sO] and 9 mas yr"! for 



IE 1547.0-5408 [291. For the distances given in Table 
[TJ the implied transverse velocities are of 190 km s~^ 
and 230 km s~^, respectively, well in the range of those 
of radio pulsars. 



3.1 Bursts and flares 

AXPs/SGRs are characterized by highly variable radia- 
tive phenomena spanning a wide range of time scales 
and luminosities: from the short bursts of soft 7-rays, 
which led to the discovery of the SGRs, to the extremely 
energetic giant flares, observed to date in only thr ee 
sources, SGR 0526-66 (March 5, 1979; [l30| l. 
SGR 1900-hl4 (August 27 1998; [13), and SGR 1806-20 
(December 27, 2004; [l5l( [TstJ 1 . 

The typical short bursts have peak luminosity of 
'^lO'^^-lO''^ erg s~^ and durations in the range '^0.01- 
1 s, with a lognormal distribution peaking at ^0.1 s. 
They usually consist of single (or a few) pulses with 
fast rise time and slower decay. The bursts can oc- 
cur sporadically, separated by long time periods, or 
in groups of tens or hundreds concentrated in a few 
hours. The periods of high bursting activity are often 
associated to enhancements of the persisitent emission 
(outbursts) of transient AXPs/SGRs, but there are also 
cases in which only one or a few isolated bursts have 
been observed, both in transient and persistent sources. 



The bursts fluences span the range from a few 10^ to 
^10~^ erg cm~^, and follow a power law distribution 
[72|, lZI, |69| . The burst spectra in the hard X-ray range 
(above ~15 keV) are well fit by optically thin ther- 
mal bremsstrahlung models with temperature kT~30- 
40 keV. When also lower energy data are included, a 
model consisting of the sum of two blackbody func- 
tions, with temperatures kTi~2-4 keV and kT2~8-12 
keV , pro vid es a b etter description of the burst spectra 
5ll.[l49ll47l[l00t. 



Pulsars and Magnetars 



Giant flares involve the sudden release of an enor- 
mous amount of energy (■~(2~200) x 10''^^ ergs) and have 
unique spectral and timing signatures: they start with 
a short hard spike followed by a longer pulsating tail. 
Their properties indicate that a large fraction of the 
energy escapes directly as a relativistically expanding 
electron/positron plasma, while the rest is gradually ra- 
diated away by a thermal fireball magnetically trapped 
in the NS magnetosphere which gives rise to the pul- 
sating tail. Other features that can be present in giant 
flares are a precursor burst and long last ing afterglows 
at radio (see below) and soft 7-rays [137 1. 

The initial spikes of hard radiation reach a peak lu- 
minositjtj larger than 4x10'*^ erg s~^ (up to ^10''^ erg 
s""'^ for SGR1806— 20) and their spectrum, with charac- 
teristic temperature of hundreds of keV, is much harder 
than that of short bursts. The initial spikes are charac- 
terized by rise time smaller than a few milliseconds and 
duration of a few tenths of second. A complex, struc- 
tured profile has been observed in t he initial spike of 
the 2004 giant flare of SGR 1806-20 [rzifiest. 

The pulsating tails of giant flares display a strong 
evolution of the flux, timing and spectral properties. 
They have optically thin bremsstrahlung spectra with 
temperatures of a few tens of keV, but in the two most 
recent and better observed giant flares a combination of 
cooling thermal components and power laws extending 
into the MeV region was required 7J, 



with specific phases of the spin-period. They have been 
attributed to seismic vibrations in the NS solid cru st or 
to Alfven oscillations in the fluid core (see, e.g., [198J | 
and references therein). Their study could provide con- 
straints on the NS internal structure. 

Transient radio emission was detected after the gi- 
ant flares of SGR 1900-^14 and SGR 1806-20 [H, 



The properties of the SGR 1806—20 radio emission could 
be studied in detail for more than one year. The proper 
motion of the radio blob indicates an anisotropic ejec- 
tion of relativistic matter in a solid angle of ~0.5-l 
sterad. Other parameters could be estimated by mod- 
elling the source expansion and flux temporal evolu- 
tion. Although jet models with different physical and 
geometrical details can fit the data equally well, all of 
them show evidence for an anisotropic ejection of 10^^- 
10^5 g of mildly relativistic matter associated to the 
giant flare [16|, |73 1 . 

A few strong flares, involving less energy than the 
giant flares, but definitely brighter and much rarer than 
the normal short bursts, have also been seen in a few 
sources. The strongest of these "intermediate" flares 
was observed on April 18, 2001 from SGR 1900-M4 flOJ. 
74| . It lasted about 40 s and showed pulsations at the 
NS rotation period, as in the tails of giant flares, but it 
lacked an initial spike. Particularly strong bursts have 
also been observed, for example in SGR 1627— 41 [127 



13|, |5J] . The de- and in IE 1547.0-5408 [138| . It is possible that afl these 



caying light curves, lasting several minutes, are strongly 
modulated at the NS rotation period and show complex 
pulse profiles which evolve with time. 

Despite the energy emitted in the initial spike of 
SGR 1806—20 was larger than that of the other sources, 
the energy in the pulsating tails was roughly of the 
same order (~ 10'*'' ergs) for the three giant flares. Since 
the tail emission originates from the fraction of the ini- 
tial energy that remains trapped in the NS magneto- 
sphere, forming an optically thick photon-pair plasma 



bursts and/or flares can be explained by the same phys- 
ical process, involving a large distribution of energies 



142j . It seems, however, that the giant flares, especially 



176l | , this indicates that the magnetic field in the three 



sources is similar. In fact the amount of energy that can 
be confined in this way is determined by the magnetic 
field strength, which is thus inferred to be of several 
10^** G in these three magnetars. 

Quasi periodic oscillations (QPOs) were discovered 
in the giant flare of SGR 1806-20 JQM- This prompted 
a re-analysis of the data available for the previous giant 
flares and th e s ame phenomenon was found in 
SGR1900-hl4 [ml- The QPOs appear at frequencies 



in the range ~20-150 Hz (and also at 625 and 1840 
Hz for SGR 1806— 20) for different time intervals dur- 
ing the tails of the giant flares, and are often correlated 

^" Here and in the following we quote luminosities for 
isotropic emission. 



due to the peculiar properties of their initial spikes, are 
a different phenomenon. 

4 The magnetar model 

Strongly magnetized NSs can form if they are born with 
initial spin period Po shorter than the overturn time of 
^3-10 ms of the convection driven by the high neutrino 
luminosity L;^ > 10^^ erg s~* [36[. The efficient dynamo 
resulting in this case can generate magnetic fields as 
high as 3 X 10*^(Po/l ms)~^ G. Rapid neutrino cooling 
in the proto-NS is essential in driving the strong tur- 
bulent convection which amplifies the seed field. Such a 
dynamo operates only for a few seconds, but, in princi- 
ple, it can generate fields as high as 10*^ G, most likely 
with a multipolar structure an d wi th a strong toroidal 
component, in the NS interior 180l .l23|. 

An alternative formation scenario has also been pro- 
posed, according to which magnetars would be the de- 
scendent of the stars with the highest magnetic fields. 
The wide distribution of field intensities in magnetic 
white dwarfs has been attributed to the spread in the 
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Table 2 Main properties of the AXPs and SGRs 
Luminosity corrected for the absorption in units 


Flux is in units of 10 n erg cm ^ s" 
of 1035 erg s-i. F=Giant Flare, B= 


1 and is not corrected for the absorption. 
=burst(s), G=glitch(es). 






Period 

(s) 


P 
(10-11 ss 


-') 


B 

(10" G) 


Flux 
[2-10 keV] 


Lx Notes 
[0.5-10 keV] 


References 



IE 1048.1-5937 


6.45 


1-10 


2.6-8.1 


0.5-4 


0.9-7 


B,G 


[132, 184, 59, 35] 


IE 1547.0-5408 


2.07 


2.3 


2.2 


0.03-9 


~0.01-4 


B,G 


[43, 138, 11, 112] 


IE 1841-045 


11.77 


4.1 


7 


1.6 


4 


B,G 


[66, 143, 34, 114, 1201 


IE 2259+586 


6.98 


0.048 


0.6 


1-4 


2-7 


B,G 


[201, ,60, 1041 


IRXS J1708-4009 


11.0 


2.4 


5.2 


2-3 


1.5-2.5 


G 


165, 96,^, 341 


4U 0142+61 


8.69 


0.2 


1.3 


6-7 


3 


B,G? 


97,^. 164. 65._571 


CXOJOlOO-7211 


8.02 


1.9 


4 


0.013 


2 


- 


115, 131, 1821 


CXO J1647-4552 


10.6 


<0.04 


<0.7 


0.01-4 


0.007 — 1 


B,G? 


146, 200, 41 


CXOJ1714-3810 


3.82 


6.4 


5 


0.14 


~1 


- 


77, 75, 1661 


PSRJ1622-4950 


4.33 


1.7 


2.7 


0.003-0.14 


~0.01-40 


- 


5J 


SGR 0418+5729 


9.1 


0.0004 


0.06 


0.002—3 


~ 10-1-20 


B 


[162, 45] 


SGR 0501+4516 


5.7 


0.7 


2 


0.13-4 


~0.01-0.25 


B 


163,38] 


SGR 0526-66 


8.05 


4 


5.7 


0.05 


-10 


F,B 


130, 128, 1831 


SGR 1627-41 


2.59 


1.9 


2.2 


0.006-1.2 


~0.01-2 


B 


134,48,421 


SGR 1806-20 


7.6 


8-80 


8-25 


1-3 


2-6 


F,B 


151. 141, 2021 


SGR 1833-0832 


7.56 


0.28 


1.5 


<0. 004-0. 4 


<0.01-1 


B 


71,4^ 


SGR 1900+14 


5.2 


5-14 


5.1-8.6 


0.4-1 


2-5 


F,B,G? 


129 , 204, 1351 


Swift J1822- 1606 


8.44 


0.03 


0.5 


0.008-25 


0.002-10 


B 


161, 1671 


Swift J1834-0846 


2.48 


0.8 


1.4 


<0. 0004-3 


< 10-1-1 


B 


102, 49] 


XTEJ1810-197 


5.54 


0.8-2.2 


2.1-3.5 


0.05-8 


0.008-1.3 


B 


167, 203, JJ,] 



magnetic fields of their progenitors and a similar situa- 



tion could apply to NSs [52|, |8J] . The possible associa- 



tion of some AXPs/SGRs with clusters of massive stars 
seems to indicate that they descend from stars of mass 
above ~40 Mq. However, evidence for a lower mass 
progenitor has been derived for SGR 1900+14 



25 



Independent on the origin of their strong field, young 
magnetars undergo rapid spin-down due to magnetic 
dipole radiation and particle wind losses. Rotation pe- 
riods of several seconds are reached in a few thousands 
years, explaining why no magnetars are observed at 
short periods. 

Magnetic field decay provides a source of internal 
heating which can play an important role in the X-ray 
emission from the surface of magnetars. This internal 
heating source yields a surface temperature higher than 
that of a cooling NS of the same age and smaller mag- 
netic field. The enhanced thermal conductivity in the 
strongly magnetized envelope contributes to raise the 
surface temperature 



81 



The decay of the magnetic 
field is in turn affected by the NS temperature evolu- 
tion, which makes it difficult to derive a self-consistent, 
complete and realistic model. Simulations in 2-D have 
been performed for the case in which the magnetic field 
is sustained by currents in the NS crust [ISSl ] . They in- 
dicate that systematically higher surface temperatures 
are obtained for NSs with strong internal toroidal fields. 

The evolution of the internal field deforms the NS 
crust contributing to the persistent X-ray emission 
through low level seismic activity and storing magneto/ 
elastic energy which becomes available to power bursts 



and flares when the crust cracks. Alfven waves in the 
magnetosphere accelerate charged particles leadi ng t o 
Comptonization and bombardment of the surface |177 1 . 
A first attempt to derive the overall bursting properties 
of magnetars, taking into account the magneto/thermal 
evolution of the poloidal and toroidal internal field com- 
ponents, indicates significant differences in the energet- 



ics and recurrence time as the magnetar evolves 152j . 
Objects with a lower toroidal field are generally less 
active. The frequency of the bursts decreases with age 
and, to a lesser extent, also their energy. Interestingly, 
sporadic bursts are predicted for magnetic fields as low 
as a few lO^^ G. 



A twisted magnetosphere {B^ ^ 0) supports cur- 
rents much larger than the Goldreich-Julian cu rrent 
flow ing along open field lines in normal pulsars |179l 
llSO! ] . An electron/positron corona is formed in the closed 
magnetosphere, consisting of flux tubes anchored on 
both ends to the NS surface. The currents are carried 
by charges extracted from the NS surface and pairs pro- 
duced along the flux tubes. The strong flow of charged 
particles provides an additional source of heating for the 
star surface and gives rise to a significant optical depth 
for resonant cyclotron scattering in the magnetosphere. 
Repeated scattering of the thermal photons emitted at 
the star surface can produce the power-l aw componen ts 
observed in the spectra of AXPs/SGRs ^M, Ho, Eisl- 

Most of the models developed to derive the spectral 
and timing evolution properties of magnetars consid- 
ered globally twisted magnetospheres, but it is more 
likely that the twist is imparted only to a small bundle 
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of field lines. How the magnetic energy is dissipated in 
an untwisting magnetosphere has been studied in de- 
tail by [10|, who derived expressions for the resulting 
luminosity evolution. Most of the energy is dissipated 
as thermal radiation in the footprints of a bundle of 
twisted lines which are heated by the accelerated mag- 
netospheric particles. The magnetosphere gradually un- 
twists through the expansion of a potential region which 
causes a reduction in the area of these hot spots. The 
small emitting surfaces inferred from the blackbody fits 
of transient AXPs/SGRs are consistent with this sce- 
nario. 

An alternative possibility to explain the transient 
magnetars involves the fast deposition of energy deep 
in the NS crust 123]. This could result, for example, 
from a sudden fracture driven by magnetic stresses and 
would induce a heating of the surface. Since the sub- 
sequent thermal evolution depends primarily on the 
properties of the outer crust and on the depth of the 
energy deposition, a modelling of the outburst decays 
might provide some information on the star structure. 
However, the transients observ ed u p to now are far 
from showing a uniform picture |159{ . Furthermore, the 
systematic and statistical spectral uncertainties affect- 
ing the observations often prevent a simple comparison 
with the predictions of t he m odels, as shown, e.g., by 
the case of SGR 1627- 



-41 



134l | . Recent theoretical work 



suggests that the maximum luminosity observable in 
an outburst is limited to ~10'^^ erg s~^, indepe nden t 



on the amount of energy released in the crust |157 
This is due to the self-regulating effect resulting from 
the strong temperature-dependence of neutrino emis- 
sion and might explain why persistently bright AXPs/ 
SGRs do not undergo outbursts, but change their lu- 
minosity by, at most, of a factor of a few. 

It is clear that the giant flares must be powered by 
magnetic energy, but how this exactly occurs and where 
the energy is accumulated before being released remain 
open questions. The two main scenarios which have 
been considered involve either the build-up of elastic en- 
ergy in the cru st, which finally causes a large-scale frac- 
ture 176l llTSl ] , or the gradual injection of energy in the 
magnetosphere, which is released wh en a n instability 
produces a rearrangement of the field 124l63ll207 |. In 
the first class of models the flare occurs when the tensile 
strength of the crust is exceed, while in magnetospheric 
models it is more difficult to determine which is the 
triggering process that can explain the extremely rapid 
energy release. More data will certainly help to answer 
these questions, but the extremely rare and completely 
unpredictable nature of these events limit the observa- 
tional progress. 



5 Magnetars with low external field 

Until recently the known AXP/SGR with the lowest 
magnetic field (as given by Ec^. 1) was IE 2259-1-586 
with Brf=6xl0^'^ G, only slightly larger than the quan- 



QED 



4.4x10^3 G. This 



tum critical fielqlj B, 
pulsar, despite its value of Bd smaller than that of all 
the other magnetar candidates, was the first AXP to 
show the strong bursting activitj ]^ previously believed 
to be a prerogative of SGRs [104 |. 

In June 2009 the new transient SGR 0418-^5729 was 
discovered through the detection of two short bursts 
seen by different satellites 192l |45|[. Pulsations at 9.1 
s were soon found in its X-ray emission, but despite 
an extensive monitoring of the outburst decay in the 
following months, no significant P could be measured. 
This was quite unexpected because the fast spin-down 
rates of all the other transient AXPs/SGRs were always 
evident after only a few days of observations. The upper 
limit of P<6xl0^^^ s s""'^ obtained after two years im- 
plied B(j<7.5xl0^^ G [igO'l, an unprecedented value for 
a source showing all the typical characteristics of a mag- 
netar. Only recently, thanks to a phase- coherent tim- 
ing analysis of all the observations of SGR 0418-1-5729 
spanning more than three years, it has been possible 
to m easure its small spin-down of (4±l)xl0~^'^ s s~^ 
162|, which translates into a field B(i=6xl0^^ G. 



A similar situation occurred for another transient. 
Swift J1822-1606 [12^, discovered in July 2011 through 
the detection of several bursts, while a timing analysis 
of more than six years of data of CXO J1647— 4552 led 
to revise its previously reported P into an upper limit 
y. The dipole moments inferred for these two sources 
imply surface fields of 6^=5x10^^ G and B^ <7xl0^^ 
G, respectively. They are not as low as that of 
SGR 0418-^5729, but stiU below that of the bulk of "tra- 
ditional" AXPs/SGRs and in the range of fields inferred 
for a non-negligible number of rotation-powered radio 
pulsars. 

These findings indicate that a high magnetic dipole 
moment is not a mandatory condition for a magnetar. 
Indeed what really matters to power the magnetar ac- 
tivity and emission is the strength of the internal field, 
and in particular of its toroidal component which is re- 
sponsible for the NS crust deformation/cracking and 

^^ Bqed is the magnetic field for which the energy of the 
first Landau level of the electron equals its rest mass. It was 
often regarded as the boundary between normal pulsars and 
magnetars, although there is no real physical reason or thresh- 
old effect to motivate this. 

^^ Two isolated bursts were detected in October and Novem- 
ber 2001 from IE 1048.1-5937 [13, but IE 2259-1-586 in June 
2002 emitted more than 80 bursts in 4 hours, associated to 
an increase of the persistent flux and a glitch. 
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for imparting twists to the external magnetosphere. It 
is also likely that the magnetosphere is not dipolar but 
contains a significant contribution from higher order 
multipoles, which increase the field close to the star 
surface, but fall-off rapidly with radius and do not con- 
tribute to the spin-down. 

It has been suggested that objects like 
SGR 0418+5729 are old magnetars, in which a substan- 
tial decay of the magnetic field has occurred. An initial 
configuration with internal toroidal field of a few 10^^ 
G and external dipole of 6^=2.5 x 10^* G can reproduce 
the observed properties of SGR 0418-1-5729 in the con- 
text of a magneto-thermal evolution with field decay 
|190l | . A weaker initial B^ would not spin-down the pul- 
sar to the currently observed long period^H An imme- 
diate consequence of the external field decay is that the 
characteristic age, defined as Tc=P/2P, greatly overesti- 
mates the true age of the magnetar, which in the above 
model is of the order of ~10^ years. 



6 Is there evidence for magnetic activity in 
other classes of NSs ? 

As shown by the sources discussed in the previous sec- 
tion, a high dipole field is not a necessary condition for 
the onset of magnetar activity. This leads to the in- 
teresting possibility that NSs with "normal" magnetic 
field values, as estimated with Eq. (1), might show sig- 
natures of magnetar-like behavior, such as, e.g., bursts 
or other kinds of variability. Indeed some examples of 
this have been found in recent years, pointing to a closer 
connection and possible evolutionary links among dif- 
ferent classes of isolated NSs. 

The 0.3 s pulsar PSR J1846-0258, at the center of 
the Kes 75 SNR, was considered a normal rotation- 
powered X-ray puis an ^4 given its E^ot = 8x10^^^ erg 
s~^ sufficiently high to power the pulsar and nebula X- 
ray emission (Ljf of 2.6x10^^^ and 1.4x10^^ erg s~^ , 
respectively). In May 2008, PSR J1846-0258 emitted 
four short bursts similar to those observed in AXPs/ 
SGRs [58|. The bursting activity was accompanied by 
a large spin-up glitch and marked the start of an en- 
hancement in th e pulsed X-ray fiux which lasted about 
one month 12lj . Spectral and fiux variations associated 
with this event were seen also in the hard X-ray range 
[llO|. All these phenomena are typical of magnetars. 
The dipole field inferred from the timing parameters of 
PSR J1846-0258 is Bd=5xl0i3 G. It wiU be interest- 
ing to see if similar events occur also in other bona fide 



rotation-powered radio pulsars. About one fifth of the 
radio pulsars with measured P have B^ values larger 
than that of SGR 0418-1-5729. This population could 
well harbor other "hidden" magnetars, possibly show- 
ing weak and sporadic bursting activity (hence difficult 
to detect). 

Magnetically-driven activity can manifest itself also 
through plastic deformations of the crust which appear 
as long term variations in the (thermal) emission from 
the star surface, rather than as abrupt bursts. A possi- 
ble example has been observed in the 8.4 s X-ray pulsar 
RX J0720.4— 3125, which showed spectral variability on 
a time scale of few years 28l |83[ . Most of the variation 
occurred in a relatively short timesc ale o f half a year, 
in coincidence with a possible glitch [193]. 

This source belon gs t o the small group of X-ray Dim 
Isolated NSs (XDIN|p) discovered with the ROSAT 
satellite (see, e.g., [188| for a review). XDINS have very 
soft thermal spectra (blackbody temperatures Tbb ~40- 
110 eV), X-ray luminosities Ljc'^lO'^^ — 10^^ erg s~^, 
spin periods in the 3-12 s range, faint optical counter- 
parts (V>25), and no detectable radio emission. Their 
magnetic fields, inferred either from Eq. (1) for the few 
XDINS with measured P or from the absorption lines 
present in their spectra, are of the order of lO^'^-lO^'* G. 
It is possible that the XDINS are old magnetars (~10^- 
10^ years), in which most of the magnetic energy has 
been dissipated and whose X-ray emission is now pow- 
ered by the residual thermal energy. Their temperature 
is consistent with theoretical cooling curves if the the 
eff ects of st ronger initial fields are taken into account 

Another example of long term variation which might 
be related to magnetic activity, is provided by the 0.4 s 
X-ray pulsar RX J0822-4300, located in the Puppis 
A SNR. XMM-Newton observations showed that the 
centroid energy of an emission line visible in its X-ray 
spectrum decreased from 0.8 keV in 2001 to 0.73 keV 
in 2009-2010 ^. RX J0822-4300 belongs to a small 



^^ Unless interaction with a residual disk is invoked Q]. 
^* Despite the lack of a radio detection, which could be due 
to an unfavorable orientation of the radio beam. 



group of sources known as Central Compact Objects 
(CCOs). These are X-ray sources with thermal- like X- 
ray emission ( kTBB'^0.2-0.5 keV) located at the cen- 
ter of shell-like SNRs and with high ratios of X-ray-to- 
optical flux, typical of isolated NSs. CCOs are not de- 
tected in the radio band, are not surrounded by pulsar 
wind nebulae and do not show any evidence for non- 
thermal components in their X-ray spectra (see, e.g., 
26|, for a review). The CCOs properties suggested an 
interpretation in terms of isolated NSs with small val- 
ues of Erot, despite the young age inferred from their 
associated SNRs. This has been confirmed for three 
CCOs in which pulsations have been detected. They 

^^ Also known with the "Magnificent Seven" nickname. 



Pulsars and Magnetars 



11 



have periods in the 0.1-0.4 s range, and exceptionally 
small spin-down rates 76|,|68[, yielding 6^=3.1x10^" G, 
Bd=9.8xl0i° G and 6^=2.9x10^" G, for the sources in 
Kes 79, G296. 5+10.0 and Puppis A, respectively. These 
NS were probably born with spin periods very close 
to the current values and it is likely that their rela- 
tively long initial spin period and low magnetic field 
be causally connected. Alternatively, CCOs might have 
been born with a higher field which was then buried 
beneath the NS surface by the accretion of fall back 
material after the supernova explosion. Depending on 
the amount of accreted matter and on the properties of 
the NS crust and core, the reemergence of the field can 
take place on a large range of timesc ales, from a few 
thousand to several billion years 82|, |l96|. The pres- 
ence of a strong buried field can help to explain the 
gradients in the surface temperature responsible for the 
large pulsed fractions and/or phase-dependent spectral 
properties of CCOs, which are otherwise difficult to un- 
derstand for their low values of B^. The variability in 
the X-ray spectral feature of RX J0822~4300, if related 
to magnetic activity, supports this connection between 
CCOs and AXPs/SGRs. 

Finally, it is worth mentioning the Swift/BAT de- 
tection of two short SGR-like bursts from the direction 
of the pe culiar X-ray/radio/7-ray source LS I -1-61° 303 



186l . Il5j . This is one of the very few X-ray binaries de- 
tected at GeV/TeV energies. It is composed of a Be 
type star and a compact object, which is likely a NS 
(although this cannot be confirmed since no pulsations 
have been detected and the possibility of a black hole 
companion has also been considered). 

7 Conclusions 

The success of the magnetar model in explaining the 
properties of AXPs/SGRs indicates the existence of 
NSs with magnetic fields of ~10^^ G. Their extremely 
energetic flares yield the highest radiation fluxes which 
reach the Earth from outside the Solar Syste m, often 
caus ing measurable effects on the atmosphere 90|, Il73l 
Il47| . Exciting results have been obtained in the study of 
AXPs/SGRs in the latest years, contributing to change 
our vision of the population of NSs in the Galaxy. 

Magnetars are relevant also in other astrophysical 
contexts which have not been discussed here. These in- 
clude, for example, the supernova explosions, the pro- 
duction of gamma-ray bursts, the acceleration ultra- 
high-energy cosmic rays, the production of neutr inos , 
and the emiss ion of gravitational waves (see, e.g., [1531 
[ij, [sl, |9l|, Il70l | ) . Being the only places in the Universe in 
which we can observe and study physical processes in 
magnetic fields of such extreme intensity, AXPs/SGRs 



will certainly remain among the most interesting astro- 
physical objects for theoretical studies and for observa- 
tions with the experimental facilities that will become 
available in the coming years. 
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